Oligonucleotides corresponding to neuraminidase (NA) stalk motifs that have been associated with enhanced influenza virulence have been identified using surface-enhanced Raman spectroscopy (SERS).. 5'-thiolated ssDNA oligonucleotides were immobilized onto a hexadecyltrimethylammonium bromide (CTAB) coated Au nanoparticles (AuNP). Three synthetic RNA sequences corresponding to specific amino acid deletions in the influenza NA stalk region were attached to the CTAB-modified AuNPs. Two of these sequences were specific to sequences with amino acid deletions associated with increased virulence, and one was a low virulence sequence with no amino acid deletions. Hybridization of synthetic matched and mismatched DNA-RNA complexes were detected based on the intrinsic SERS spectra. In Multivariate feature selection methods were employed to determine the specific wavenumbers in the Raman spectra that contributed the most information for class discrimination. A one-way analysis of variance (ANOVA) test identified 884 and 1196 wavenumbers as being highly significant in the high and low virulence spectra, respectively (p < 0.01). A post-hoc Tukey Honestly Significance Difference (HSD) test identified the wavenumbers that played a major role in differentiating the DNA-RNA hybrid classes. An estimate of the spectral variability, based on the Wilcoxon rank sum test, found the major source of variation to be predominately between the different classes, and not within the classes, thus confirming that the spectra reflected real class differences and not sampling artifacts. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 3 multivariate classification methods partial least squares discriminant analysis (PLS-DA) and support vector machine discriminant analysis (SVM-DA) were able to distinguish between different NA stalk-motifs linked to NA-enhanced influenza virus virulence (NA-EIV) with >95% sensitivity and specificity in both synthetic RNA sequences as well as the isolated viral RNA.
Introduction
H5N1 avian influenza has raised global concerns due to its potential for a pandemic that could be associated with increased virulence in poultry and potentially humans. Avian influenza virus (AIV) is transmitted to hosts in part via the viral surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA). HA recognizes receptors on target cells to initiate virus infection, while NA plays a critical role in assisting virus release from infected cells and entry to new cells by removing the terminal sialic acids from oligosaccharide side chains. 1 The NA glycoprotein consists of four different domains, a cytoplasmic, transmembrane domain, stalk, and the globular head. The NA stalk region is located between an enzymatically and antigenically active globular head and the hydrophobic viral membrane anchored domains.
This region varies in length and sequence among strains in the same subtype. 2 Several studies have suggested that insertion, deletion, or mutation of amino acids in the NA stalk region correlates with increasing the virulence of virus, host range, and replication of virus. [2] [3] [4] [5] [6] [7] NA stalk-motifs have been shown to be linked in several cases to NA-enhanced influenza virus virulence (NA-EIV) 6, 8 , and have been increasingly observed in H5N1 isolates; for example, the number of NA-EIV found in highly pathogenic H5N1 influenza viruses increased ~85% from 2000 to 2007. 1-6, 9-11 Thus, a better understanding of the correlation between NA-EIV and its biological characteristics related to influenza virulence is critical.
Six different stalk motifs have been described in the NA stalk region of all N1 subtype influenza virus A. The presence of these NA-EIV stalk motifs has been associated with H5N1 pathogenicity in reverse genetics studies. 6 PCR has been widely used for a rapid, sensitive, and selective screening for virulence markers. However, this method is based on the amplification of analyte for detection and relies on the design of primers, which is time-consuming and costly, and is also prone to false-positives or false-negatives caused by the carry-over contamination. 13, 14 In addition, detection of new, emerging pathogens can be a problematic. For these reasons, there is a critical need for development of a biosensing tool to identify emerging influenza viruses in a rapid and sensitive manner with a high specificity.
Our research group has previously demonstrated a feasibility of surface-enhanced Raman spectroscopy (SERS) as a rapid, sensitive, and specific tool for detecting oligonucleotide probe-RNA target complexes in a direct and label-free manner. [15] [16] [17] [18] [19] [20] The intrinsic properties of Raman spectra provide a unique spectral signature of SERS, sensitive enough to identify the extent of hybridization between DNA and target sequences. This method has become a widely used technique for diagnostic applications. Our recent work demonstrated a detection of DNA-RNA binding by using oligonucleotide-modified Ag nanorod array based SERS and differentiated DNA probe-complementary RNA strains from the DNA probes with non-complementary RNA sequence via multivariate analysis. 19, 20 The current work aims to identify potential influenza virulence factors that occur from deletion of amino acid sequences in the NA stalk region using SERS. We show that SERSactive nanostructures fabricated from modified Au nanoparticle (AuNP) films can be used for detection of NA-EIV without sample amplification or labeling. These findings show the
Experimental Methods
Materials. Citrate stabilized 60 nm Au nanoparticles (AuNPs) were purchased from Ted Pella, Inc. (Redding, CA). Hexadecyltrimethylammonium bromide (CTAB), 3-mercaptopropyl trimethyoxysilane (3-MPTMS), 6-mercapto-1-hexanol (MCH), and 4-aminothiophenol (4-ATP)
were purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals were of analytical grade and used without any further purification. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript surface to detect RNA sequences corresponding to specific NA stalk motifs. Self-assembled monolayers of ssDNA probes on the AuNP substrates were formed by addition of 20 µL of the 1000 nM oligonucleotide solution to the substrate, followed by incubation overnight at room temperature. After the incubation period, any unbound oligonucleotide solution was removed from the substrate by rinsing it three times with molecular biology grade water and then dried with N 2 . Minimization of non-specific binding of DNA-RNA molecules was accomplished by addition of 20 µL of a 100 nM solution of the spacer molecule 6-mercapto-1-hexanol (MCH).
Fabrication of AuNP Monolayers on
The MCH solution was incubated for 6 hours at room temperature followed by the rinsing and Analyst Accepted Manuscript as previous described. 19 An RNAzol protocol was used for isolation of the RNA. In this procedure, 4×200 µL tubes of each virus were thawed, and 0.5 mL RNAzol®RT was added. To homogenize, the samples were pipetted up and down 5-8 times in RNAzol and stored at -20 °C,
followed by the addition of 0. objective (NA = 0.40) with the laser power of 0.5%. SERS spectra with the spectral range from 1800 to 400 cm -1 were collected by using 30-second acquisition times with one accumulation. Multivariate analysis methods such as partial least squares discriminate analysis (PLS-DA), and support vector machine discriminate analysis (SVM-DA) were employed for classification of the SERS spectra. [26] [27] [28] [29] [30] [31] [32] All data processing was performed in MATLAB R2012a (The Mathworks Inc., Natick, MA) using programs written in our laboratory. 
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Results and Discussion
Nanofabrication of AuNP substrates. The preparation of the AuNP films used in these experiments was primarily influenced by the concentration of CTAB and the amount of EtOH used to form the hexane/ethanol interface. CTAB reduces the negative surface charge of the AuNPs and leads to a net positive charge, thus preventing aggregation by inducing a net repulsive interaction between nanoparticles. 21, [33] [34] [35] [36] [37] [38] [39] In addition, CTAB is bound to the AuNP surface by Coulombic forces, 21, 40, 41 therefore it is easily displaced by self-assembling molecules such as the disulfide-modified DNA oligonucleotides used in these experiments. The concentration of AuNPs in all experiments was kept constant at 1×10 11 particles/ml, and the extent of aggregation was determined by analyzing the AuNP plasmon at 520 nm by UV-Vis spectroscopy. A CTAB concentration that induced AuNP aggregation, as indicated by elongated or shifted bands, was discarded. The optimal concentration of CTAB used in this study was
Addition of the low dielectric solvent EtOH to the aqueous phase changes the polarity of the aqueous phase and traps AuNPs at water/hexane interface. 21 The addition of EtOH decreases the surface charge density of the AuNPs, causing their movement to the water/hexane interface. 42 In this study, the total volume of 3.5 mL EtOH was added drop wise (350 µL/min) to the solution. SEM images of AuNP monolayer transferred from the water/hexane interface onto SEM grids are shown in Fig. 1 .
Reproducibility of AuNP substrates. 4-aminothiophenol (4-ATP) was used as a probe molecule
to assess overall spectral reproducibility of these AuNP substrates. The average spectra for 1mM DNA probes. 5'-C6 thiolated ssDNA probes were designed to capture RNA from both high and low NA-EIV determinants; the DNA probes were immobilized onto CTAB-coated AuNP substrates as described in the Methods section. NA stalk-motif strains used in the study of synthetic RNAs are listed in Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript motifs to the virulence of a H5 virus was assessed using reverse genetics. These NAs were incorporated into a H5N1 virus with a HA poly-basic cleavage site, which is a well-defined pathogenicity determinant, 44 and tested for changes in virulence by IVPI and in mouse challenge studies. Based on OIE criteria, viruses containing the A/ck/Hubei/327/2004/H5N1 NA-EIV or A/WSN/33/H1N1 NA-EIV were categorized as highly pathogenic, whereas A/Gs/Gd/1/96/H5N1
NA-EIV was defined as low pathogenic. These viruses also displayed increased virulence in mice. 6 While this work addresses the specific role of NA stalk deletion motifs on enhanced virulence, it is also known that pathogenicity in influenza is a multifactorial trait. 44 In the studies on the RNA isolated from influenza lab strains, one 5'-thiol single stranded DNA (ssDNA) oligonucleotide probe was designed to detect three different NA stalk isolates. Table 2 provides the sequence of the DNA probe used in these experiments, as well as the target sequences in the NA stalk region of the isolated influenza RNAs that were captured by this probe. Table 3 provides the concentration of the isolated influenza RNAs used in these experiments. In addition to these samples, the DNA probe-spacer complex before hybridization was used as a control in these studies.
SERS spectra. Figures 3A and 3B show representative, unprocessed spectra for the oligonucleotide complexes corresponding to the high and low NA-EIV sequences, respectively; each spectrum is an average of 20 individual unprocessed spectra for each sample. Figure 3A presents SERS spectra of high NA-EIV DNA probe-spacer complex alone (I), high NA-EIV 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 , can be found in the spectra in both panels. These spectral similarities make it difficult to easily distinguish between the different hybridization classes; thus multivariate analysis is needed for detailed spectral analysis.
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Feature selection. Feature selection was performed to determine the wavenumbers that contribute the most information for the best class discrimination. A one-way analysis of variance (ANOVA) followed by a post-hoc Tukey Honestly Significance Difference (HSD) test were used. 23, 24 First, an ANOVA comparison between the spectral intensities of four different classes was conducted at every spectral location between 400 and 1800 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (CNC, NCC bending), which corresponding to ring bending region of thymine and 700 -724 cm -1 (ring stretching vibration) from purines in guanine. 48, 49 The bands identified in the two categories may indicate how the amino group is coordinated to the surface of the substrate, as well as the configuration of DNA-RNA binding in the different classes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript Spectral variability study. Assessment of the sources of spectral variability is a critical factor in this study. Examination of the source of spectral variability tests the possibility that the observed spectral differences are caused by differences in the sample, as opposed to the experimental methods. In other words, these calculations are designed to test whether the source of the variability identified by the ANOVA and post-hoc Tukey tests is among a class (i.e. dependent on the analyte), or within the classes (i.e. dependent on instrumental or experimental sources).
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Spectral variability was first determined via computation of a spectral amplitude, or D metric, which is calculated using the follow equation. [23] [24] [25] In this equation, D is the root mean squared averaged sum of the square of the differences between spectral responses S 1 and S 2 over the spectral interval λ a and λ b . The total number of pairwise combinations used to calculate D for the within-class and among-class cases were 45 and 100, respectively. The computation of the spectral amplitude D was done twice: 1) using the whole spectral range, and 2) using only the most significant wavenumbers calculated from the ANOVA and post-hoc Tukey tests, as shown in Figs. 4A and 4B for the high NA-EIV and low NA-EIV spectra, respectively.
Using the calculated values for the spectral amplitudes, D, a Wilcoxon rank sum test 23 was performed for a quantitative statistical comparison between the among-class and withinclass cases. The Wilcoxon's rank sum test tests for the equality of medians in two populations, The left side panels in Figs. 5A and 5B show the results of the Wilcoxon rank sum test when the whole spectral range was used for the high NA-EIV (Fig. 5A ) and low NA-EIV ( demonstrate that the main source of spectral variability is the DNA-RNA complex sample itself rather than any non-analyte spectral variances caused by experimental conditions, e.g. instrument, method, or substrate.
Classification. As described above, certain wavenumbers selected by ANOVA/post-hoc Tukey tests were shown to be statistically significant in assigning the source of the variability to the analytes. We have used these wavenumbers in multivariate analyses to distinguish the extent of hybridization in the spectra of the high and low NA-EIV DNA-RNA hybrids for classification.
We employed two separate classification algorithms for this purpose: partial least-squares 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript discriminant analysis (PLS-DA) [30] [31] [32] and support vector machine discriminant analysis (SVM-DA). 26, 27 PLS-DA was used to develop classification models to discriminate DNA-target hydridization from non-complementary RNA hybrids and control RNA. Cross-validation (Venetian blinds, 8 splits) was performed for internal validation, with 4 and 3 optimal latent variables (LVs) selected to build the classification model for the high and low NA-EIV complexes, respectively. The optimized classification model was then used for the class predictions in the validation set.
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The multi-classification results from the PLS-DA calculations are shown in Figure 6 . In Fig. 6 , the optimum PLS calculated discriminant threshold based on Bayes' Theorem 50 is represented as red dashed line. In each panel, SERS spectra with cross validated predicted values greater than the threshold are classified as belonging to the group, while spectra that fall below the threshold were considered to be the outside of the group. Table 4 summarizes the sensitivity, specificity, class error, and root mean square error of cross-validation (RMSECV) of as summarized in Table 4 , indicate a high classification accuracy for both high and low NA-EIV classification models, albeit with relatively high values of RMSECV.
We have also employed SVM-DA to analyze the SERS spectra for classification.
Support vector machines is a boundary classification method more suitably designed to analyze complex and nonlinear hyperspectral datasets. [26] [27] [28] In this analysis, a radial basis function (RBF) kernel was used and SVM classification model was developed based on the optimal SVM parameters (C and γ). The calibration set was first compressed by using optical latent variables determined by principal least-squares (PLS) calculation. The optimized SVM parameters, penalty error (C = cost) and the radial width (γ), were selected by a cross-validation (Venetian blinds, 5 splits). The values used were γ = 0.003 and C = 100 for the high NA-EIV assay and γ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 These results show a significant difference between four different hybridization stages for both high and low NA-EIV assays. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript able distinguish the spectra of the different DNA/RNA hybrids using real viral RNA obtained from influenza strains that contain mutations associated with NA stalk enhanced virulence. Table 6 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript
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Conclusions
We demonstrated a direct method for detecting the influenza NA stalk-motif associated with influenza virulence. A SERS methodology based on 5'-thiol-modified ssDNA probes immobilized onto AuNP substrates was utilized to accurately identify the extent of DNA-RNA hybridization.
Two different types of studies were performed First, synthetic RNA model sequences corresponding to NA stalk motifs associated with enhanced virulence were used to establish proof of concept. These sequences were associated with mutated NA stalk sequences in sensitivity and specificity ( Figure 9 ).
In addition to detection of specific NA-EIV motifs, these studies are the first use of CTAB-modified AuNP substrates for detection of oligonucleotides.. We determined the uniformity, robustness, and stability of these substrates in several ways. Figure 2 demonstrates that the RSD for SERS spectra collected from i) multiple spots within a single substrate, ii) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript multiple substrates fabricated from same batch, and iii) different batches were determined to be 9%, 16% and 16%, respectively. Spectral variability between classes was rigorously assessed to examine the source of spectral variability and the potential effect from the non-analyte spectral variances when establishing the classification model. Figure 5 showed that the spectral amplitude calculated among different classes was 2× greater than its value from within a class.
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